The most widely accepted model of evolutionary change, the Modern Evolutionary Synthesis, is based on the gradualism of Darwin and Wallace. They, in turn, developed their ideas in the context of 19th century concepts of how matter, including the tissues of animals and plants, could be reshaped and repatterned. A new physics of condensed, chemically, electrically and mechanically excitable materials formulated in the 20th century was, however, readily taken up by physiologists, who applied it to the understanding of dynamical, external condition-dependent and homeostatic properties of individual organisms. Nerve conduction, vascular and airway dynamics, and propagation of electrical excitations in heart and brain tissue all benefited from theories of biochemical oscillation, fluid dynamics, reaction-diffusion-based pattern instability and allied dissipative processes. When, in the late 20th century, the development of body and organ form was increasingly seen to involve dynamical, frequently non-linear processes similar to those that had become standard in physiology, a strong challenge to the evolutionary synthesis emerged. In particular, large-scale changes in organismal form now had a scientific basis other than gradualistic natural selection based on adaptive advantage. Moreover, heritable morphological changes were seen to be capable of occurring abruptly with little or no genetic change, with involvement of the external environment, and in preferred directions. This paper discusses three examples of morphological motifs of vertebrate bodies and organs, the somites, the skeletons of the paired limbs, and musculoskeletal novelties distinctive to birds, for which evolutionary origination and transformation can be understood on the basis of the physiological and biophysical determinants of their development.
Introduction
Form and function are usually considered complementary but distinct aspects of living systems. The conviction that they require different modes of explanation is affirmed in the traditional disciplinary domains of anatomy and physiology. In the common conception, anatomy is like Stuart A. Newman has studied biological plasticity and innovation at levels ranging from protein structure and assembly to organogenesis for more than four decades. His experimental and theoretical work has led to new understanding of the development and evolution of the vertebrate limb, the emergence of animal body plans during the Ediacaran and Cambrian explosions, and the origin of animal eggs and birds. He is co-author, with Gabor Forgacs, of Biological Physics of the Developing Embryo (Cambridge, 2005) , and co-editor, with Gerd B. Müller, of Origination of Organismal Form (MIT, 2003) . sculpture and physiology like music: the first is the outcome in space of the moulding of obdurate materials (flesh and bone), whereas the second is the playing out in time of transient or recurrent effects (e.g. glycaemic load, sleep and wakefulness).
The division between anatomy and physiology was reinforced by more than 150 years of adaptationist evolutionary theory. The early evolutionists were mostly morphologists. They were captivated by the fossil record and the impressive structural elaborations that distinguished animals from plants, and subtypes in those categories from one another. The reference standard of theoretical sufficiency in evolutionary theory was the ability to explain alterations in size and shape in genealogically related organisms. Given the poor understanding of the physics of condensed materials at the time when Charles Darwin and Alfred Russel Wallace were advancing their ideas, it is little wonder that they adopted a conservative, gradualistic notion of how forms change over time (Newman & Linde-Medina, 2013) . The theory of evolution by advantage-driven natural selection in fact resembled the trial-and-error industrial practices of 19th century manufacturers like Darwin's maternal grandfather Josiah Wedgwood, who arrived at the breakthrough ceramic recipe and blue colouring of his most successful products only after many hundreds of trials (Dolan, 2004) .
The classic theories of the evolution of form were thus committed to a model (natural selection of 'imperceptible variations') that considered only gradual modification; all other change (e.g. 'macroevolutionary' differences between phyla) was assumed to arise from many cycles of minuscule changes over very long periods of time. These models allowed no latitude for 'saltations' or sudden jumps between disparate forms that could originate new biological types. The possibility of these would have undermined the role of natural selection as the primary mode of morphological evolution.
Whereas some of his predecessors (e.g. Geoffroy Saint-Hilaire) were sympathetic to a role for the abrupt reorganization of body forms (Amundson, 2005) , Darwin explicitly disavowed a role for the biological outliers that breeders of the time termed 'sports' (Darwin, 1868) . This rejection in principle of rapid innovation in the anatomical realm, with some theoretical support from population genetics (Fisher, 1930) , was carried over in the Modern Evolutionary Synthesis, the post-genetics revolution version of the adaptationist model. However, living systems are dynamical entities and no Synthesis could prohibit physiologists from attending to abrupt changes in functional state, the most obvious one being death. Other physiological activities are similarly all-or-none in nature, and virtually all, including heart rate, emotional state and sexual readiness, are plastic and responsive to external conditions. Such phenotypic characters are troublesome for standard evolutionary theory because they depend on the environment as well as the genes, are often (as noted) abruptly divergent in their expression ('fight or flight'), and are typically buffered against perturbations ('homeostasis'). Notwithstanding this, physiology was not perceived as a threat to the standard evolutionary narrative because the abrupt transitions and conditionalities of physiological phenotypes could be represented (however problematically) as 'norms of reaction' of the genotype, with no irreversible impact on the next generation (Ostrowski et al. 2002) . This idealization is often misleading, however, and is challenged by many recent studies (Jablonka & Raz, 2009; Bonduriansky & Day, 2013; Noble, 2013; Noble et al. 2013; Dias & Ressler, 2014) .
Even so, inheritance of acquired physiological states is not usually associated with disparate morphologies, leaving the gradualism of the Synthesis relatively unchallenged on its traditional turf of anatomy for many decades. This changed late in the 20th century with the incorporation into evolutionary theory of embryology, which marked the rise of evolutionary developmental biology, or 'evo-devo' (Müller, 2007) . Among the scientific strands that led to this new programme was a return to the idea that development is inherently physiological. Elucidation of feedback and feed-forward regulation in gene regulatory networks and reciprocity in cell-cell and cell-microenvironment interactions made this inevitable. In particular, the misleading 'genetic program' concept of embryonic development, advanced in the 1950s in analogy with digital computation [the principles of which emerged more or less simultaneously with those of molecular genetics (Cobb, 2013) ], in which algorithmic instructions for ontogeny were sought in the organism's DNA, became increasingly untenable (Nijhout, 1990; Goodwin, 1994) .
Soon, concepts from the new physics of non-linear dynamical systems and 'excitable media' (Winfree et al. 1985; Holden, 1990) , which had provided a natural framework for understanding the physiology of nerve conduction and neurodynamics, renal countercurrent flow, cardiovascular and respiratory function, circadian rhythms, and so forth, were taken up by some developmental biologists (Gierer & Meinhardt, 1972; Newman & Frisch, 1979; Sager, 1996) . These ideas were joined to results from the emerging field of 'soft matter' physics (de Gennes, 1992) , which refers to viscoelastic matter acting on multiple scales (such as living tissues) to provide experimentally testable causal links (often in the form of mathematical and computational models) between genotypes and morphological phenotypes during embryogenesis.
If physics plays a causal role, along with genes, in the development of organismal form, there must be aspects of development and its outcomes (it was argued) that are 'generic' and are explicable in terms of processes that living systems have in common with non-living ones (Turing, 1952; Steinberg, 1978; Meinhardt, 1982; Newman & Comper, 1990) . To be sure, the non-living physical systems invoked as models for developmental systems must have features not usually found together outside the living world. Animal embryos and regenerating tissues and organs consist of viscoelastic materials that are simultaneously chemically or mechanically excitable: they are capable of storing energy and thus responding to disturbances in an active rather than a passive fashion. The physics-based generic properties seen in developing systems could include such morphological motifs as tissue multilayering, and the formation of interior cavities, segments and appendages (Newman & Müller, 2000) .
This 'physicalist' (or, in more contemporary terms, 'physico-genetic') viewpoint suggested, in turn, that ancient cell aggregates could have generated complex multicellular forms rapidly because the relevant physics was present from the start (Newman, 1994; Newman et al. 2006) . This idea could resolve certain enigmas of the fossil record (Conway Morris, 2006) and gained support when, during the early part of the present century, it was recognized that the major portion of the gene set that mediates the morphological development of all animal types, the developmental-genetic 'toolkit' , had been carried over from single-celled ancestors in which genes had evolved to perform unicellular rather than multicellular functions (Carroll et al. 2004) . If novel genes could not account for the novel forms of the early metazoan radiations, additional causal agency was required (Newman, 2006) . The typically non-linear physics of excitable, self-organizing soft matter, which continues to function in present-day developmental systems (Forgacs & Newman, 2005) , appears to fulfil this requirement.
The idea that the origin of developmental systems was based on the dynamicity of multicellular clusters implies that subsequent selection for preservation of their morphological outcomes would have produced subsystem integration, physiological homeostasis, and the stabilization of developmental pathways referred to by Waddington (1957) as 'homeorhesis' . However, it is also inevitable that the developmentally plastic and environmentally conditioned aspects of such systems would have been retained to varying extents (Newman & Müller, 2000) . In the following section, I will provide three examples of this plasticity-stability duality of 'developmental physiology' in the ontogeny and inferred phylogeny of morphological motifs of vertebrate embryos. These comprise: (i) a body plan motif common to all the taxonomic classes of vertebrates (segmentation); (ii) an organ-specific structural motif that differs markedly in form among and within the vertebrate classes (the tetrapod limb skeleton), and (iii) a suite of musculoskeletal modifications that sets one of the classes apart from the others (the avian body plan).
Dynamical innovation of vertebrate form: three examples
Clocks and gradients in vertebrate segmentation. The theory of non-linear oscillations, the mathematical roots of which derive from Poincaré's studies of dynamical systems in the late 19th century (Gray, 2012) and practical contributions to the field of electrical engineering in the 1920s (van der Pol, 1927) , was taken up avidly by physiologists over the following decades. The Hodgkin-Huxley model of nerve conduction predicted both propagation and periodic changes in cellular electrical activity using a common, empirically based set of differential equations operating under different parameter choices (Hodgkin & Huxley, 1952) . More generally, theorists and experimentalists recognized that oscillations of regulatory molecules and mechanical activity were enabled by the appropriate balance of positive and negative feedback interactions within individual cells and, with synchronization, globally in tissue masses (Goodwin, 1963; Marco & Nastuk, 1968) . Increased understanding of the properties of these systems (Minorsky, 1962; Winfree, 1980; Goldbeter, 1996) led them to be applied to issues as varied as circadian rhythms (Winfree, 1974) , the cardiac pacemaker (Guevara et al. 1981) and patterns of neural excitation in the brain (Traub & Bibbig, 2000) .
Although systems that produce alternating states of activity or composition would seem naturally suited to account for the generation of serially repeated structures during embryogenesis, as well as the evolutionary innovation of such motifs, proposals along these lines were met with resistance. In the late 19th century William Bateson, an early geneticist, proposed a 'vibratory theory' of segmentation, in which he likened the process to the rippling of windblown sand, or the 'Chladni patterns' formed by powder placed on the back of an overturned violin. Bateson hoped to understand the action of genes by the physics of the systems in which they operate (Bateson & Bateson, 1928) . This notion was treated dismissively by one key architect of the Synthesis (Mayr, 1982) , but in the late 1990s experimental evidence demonstrated that vertebrate body segmentation (somitogenesis) was indeed generated by an intracellular biochemical oscillation. This was based in part on the feedback regulation of the transcriptional switching factor, Hes1, a downstream mediator of the Notch signalling pathway, in conjunction with an inhibitory gradient containing the morphogen FGF8, the source of which is at the embryo's tail tip (Palmeirim et al. 1997) .
The dynamics of this system are formally similar to a theoretical 'clock-and-wavefront' mechanism proposed earlier by the developmental biologist Jonathan Cooke and the mathematician Christopher Zeeman. According to this idea, cells in the presomitic tissue oscillate in a synchronized fashion and their periodically changing cell state (the clock) acts as a 'gate' for the action of a determinant of potentially changed cell behaviour that sweeps along the embryo's length (the wavefront) (Cooke & Zeeman, 1976) . The newer version of the mechanism also involves the elongation by growth of the embryo, J Physiol 592.11 whereby the dimensions and pace of formation of the somites are functions of clock period, gradient steepness and tissue elongation rate. The clock-and-wavefront mechanism may be superimposed on and limited in its efficacy by an intrinsic propensity of presomitic mesoderm to self-organize into discrete, somite-like tissue masses .
Segmentation appeared several times in widely divergent phyla, some without common segmented ancestors (Bateson, 1894; Willmer, 1990; Brusca & Brusca, 2003) . This morphological motif presents challenges to gradualist evolutionary narratives (Minelli & Fusco, 2004) because segments are discrete structures that are added or lost in an all-or-none fashion, and also because large changes in segment number can occur in evolutionary lineages with little sign of intermediate forms. Oscillation-based mechanisms such as those described above, which embody the inherent discreteness of periodic processes and the environment-sensitive plasticity of dynamical systems, can help make sense of these developmental and evolutionary transitions.
In vertebrates, the numbers of somites in fish, birds and mammals are in the dozens, generally ranging between the 31 seen in zebrafish and the 65 in mouse. Snakes, by contrast, possess between 130 and about 500 (Marx & Rabb, 1972; Vonk & Richardson, 2008) . Although arguments have been advanced for how this atypical segmental phenotype may have conferred adaptive advantages to snakes and their ancestors (Houssaye et al. 2013) , a more fundamental question concerns how the developmental dynamics of somite formation are capable of generating such a divergent morphology. Gómez et al. (2008) showed that corn snake embryos generate somites by a clock-and-wavefront mechanism similar to that of fish, birds and mammals, although they elaborate 10 times as many as the zebrafish. As in the embryos of other vertebrates, each new somite in a developing corn snake buds off for every recurrence of a critical clock-value. The possibilities that the snake had so many somites because its oscillator ran faster than that of the other vertebrates, or that the total length of the presomitic tissue, measured in cell numbers, was greater in these animals than in other vertebrates were considered. In fact, neither of these hypotheses is true. Instead, the rate of body elongation in the snake is considerably slower than that in chickens, mice and zebrafish because of the snake's low cell generation rate. The lizard Aspidoscelis uniparens, which has 90 somites, exhibits a similarly slow cell generation rate along its axis, but also has a very slow clock, with a period of about 4 h (Gómez et al. 2008) .
The reason that the final somite number for the lizard falls within the 'normal' range of that in vertebrates is that the two key processes slowed down in a proportionate fashion during their evolution. As snakes emerged later in evolution than lizards, the slowing down of the clock and cell cycle may have occurred in the common squamate ancestor of these two groups. However, in the lineage that gave rise to snakes, a body plan with an exorbitant number of somites arose, presumably, with the restoration of the oscillation to a more typical vertebrate period range (Bhat & Newman, 2009) .
Although one might envision a series of genetic changes affecting the characteristic rates of the regulatory processes underlying the oscillator, the fact that the segmentation clock is a dynamical biochemical system suggests that somitogenesis might also exhibit environment-dependent plasticity. Indeed, egg incubation temperature is known to affect vertebrae number in fish and snakes (Fowler, 1970; Osgood, 1978) , and variations in the uterine environment have similar consequences in mammals (McLaren & Michie, 1958) . Such physiological determination of the development of form is likely to have been even more pronounced when these body plan motifs first arose, before millions of years of 'canalizing' (Waddington, 1942) and stabilizing (Schmalhausen, 1949) evolution rendered species-specific morphological phenotypes relatively resistant to external effects (Newman, 2005) .
The recognition that dynamical processes like the clock-and-wavefront mechanism underlie the generation of specific morphological motifs in present-day embryos makes the question of evolutionary origination of such constructional elements much easier to conceptualize than does the neo-Darwinian model. The supposition of the Modern Synthesis is that a complex biological structure like a segmented body plan must have arisen gradually and that marginally superior adaptation must have been the primary criterion for the prevalence of forms increasingly like the present-day ones. By contrast, tissues that are organized by physiological dynamics can undergo abrupt changes in pattern. In particular, oscillations and gradients could have existed in the embryos of unsegmented vertebrate ancestors for millions of years before a novel balance of rates resulting from mutational change, or a combination of mutation and environmental change, led to the relatively sudden and fortuitous appearance of a segmented body (Newman, 1993; Salazar-Ciudad et al. 2001a, b) .
Dissipative structures in the vertebrate limb. In a paper titled 'The chemical basis of morphogenesis' , the mathematician Alan Turing (1952) showed that a balance of positive and negative feedback in an open chemical system, when coupled with differences in the rates of diffusion of the key reactive molecules, could lead to a counterintuitive result. In defiance of the expectation that diffusion evens things out, such 'reaction-diffusion' systems were found mathematically to be capable of organizing into stable, non-uniform concentration patterns, often exhibiting periodicities.
['Reaction-diffusion' is used as shorthand when biological systems are concerned. Neither 'reaction' (i.e. cell-based production of, and response to, molecular factors) nor 'diffusion' (more generally, transport of released molecules through and between cells, often with the latter's active participation) are mechanistically like those seen in purely chemical systems.] Although Turing had some unacknowledged predecessors in the analysis of such systems (Kolmogorov et al. 1937; Rashevsky, 1948) , his lucid exposition soon began to have an impact in the fields of theoretical chemistry and biology. Ilya Prigogine, who would later win a Nobel Prize for extending these ideas, demonstrated a relationship between non-equilibrium thermodynamics and 'Turing patterns' , coining the term 'dissipative structures' (Prigogine, 1969; Martinez, 1972) . This framing emphasized the requirement for energy expenditure in maintaining the non-uniformities, situating the phenomenon at the interface of physiology and morphogenesis. By the early 1990s such patterns were unequivocally shown to occur in appropriately devised chemical systems (Castets et al. 1990; Ouyang & Swinney, 1991) .
Within a few decades, physiologists studying perception adopted the reaction-diffusion formalism to model excitations in the visual cortex (Grossberg, 1976) , for which it continues to be useful (Zucker, 2012) . A similar situation pertains to attempts to understand the spatiotemporal dynamics of the normal and compromised myocardium (Winfree, 1980; Shiferaw & Karma, 2006; Potse et al. 2007) .
The development of the quasi-periodically arranged skeletal elements of the vertebrate limb would seem to lend itself to explanations in terms of a Turing-type mechanism. However, the most widely discussed model for this phenomenon in the 1970s relied heavily on the popular cybernetic information paradigm of the period (Summerbell et al. 1973; Tickle et al. 1975) . Specifically, the skeletal pattern was proposed to form by the implementation of a species-characteristic map between the values of a graded spatial or temporal signal ('positional information') and a hypothesized representation of the developing limb in the organism's genome (Wolpert, 1969 ).
An alternative mechanism based on the experimentally determined capacity of the limb's mesenchymal tissue to exhibit self-organizational properties that resembled those of Turing's chemical reaction-diffusion system was proposed at the end of the decade (Newman & Frisch, 1979) . Little was known at the time about the cell and molecular interactions responsible for the mesenchymal condensations that provide the template for the bones, but the model used mathematical arguments to show that a succession of condensation patterns exhibiting proximodistally increasing numbers of parallel elements could emerge, in principle, under realistic changes in the size and shape of the undifferentiated tip of the limb bud. As more detailed biological information about this system emerged over the next decades, the model was sustained (Hentschel et al. 2004; Zhu et al. 2010; Glimm et al. 2014) .
In addition to providing an explanation for why vertebrate limb skeletons have the quasi-periodic architecture they do [the positional information mechanism being specifically advertised as being unconstrained in the patterns it could generate, given a suitable genome (Wolpert, 1969) ], Turing-type models (like the clock-and-wavefront mechanism for somitogenesis) exhibit the inherent plasticity of dynamical (as opposed to programmed) process. Models of this type have proved particularly suitable for accounting for the effects of limb-affecting mutations, such as the 'mixed-mode' (thick-thin) digit morphology of Doublefoot mouse mutants (Miura et al. 2006) , the thinner, more densely packed digits seen in mouse embryos with progressive loss of distally expressed Hox genes (Hoxa13 and Hoxd11-13) against a Gli3-null background (Sheth et al. 2012) , and the spatially biased and discontinuous distribution of supernumerary digits in Maine Coon cats with point mutations in a cis-regulatory element of sonic hedgehog (Lange et al. 2014) . Reaction-diffusion models of limb development have also provided insights (although necessarily speculative) into morphological variation seen in the fossil record of the tetrapods and their piscine antecedents (Zhu et al. 2010) , as well as into the shift in digit identity that appears to have occurred during the evolution of birds from their presumed theropod dinosaur ancestors (Čapek et al. 2014) .
As with the suggestion above concerning the relatively sudden origination of the segmented body plan of vertebrates, one can hypothesize that a re-tuning of parameters governing activatory and inhibitory mechanisms of cartilage development led to the novel formation of, and abrupt transitions between, quasi-periodic arrays of skeletal elements in what, in ancestral forms, were fin-like fleshy lobes (Zhu et al. 2010) .
Thermogenesis in the origination of the avian body plan.
After the emergence of the vertebrates (animals with segmented backbones), the tetrapods (vertebrates with paired limbs) and the amniotes (tetrapods that develop in an intra-egg sac), the possibility of further body plan innovation was still not exhausted. Bird skeletal anatomy differs markedly from that of the other amniotes (reptiles and mammals) (Kaiser, 2007) . The bipedality of birds, for example, is distinct from that inferred for any of their dinosaur ancestors, being associated with unique skeletal modifications to the pelvis and the bones of the lower limb. Specifically, birds have no separate lumbar vertebrae, but rather a 'synsacrum' , consisting of a variable (depending on the species) group of lower vertebrae fused to one J Physiol 592.11 another and to the pelvis. The synsacrum is independently mobile from the thoracic portion of the vertebral column, leading, with the associated interruption in the overlying muscles, to relatively autonomous anterior and posterior 'locomotor modules' in the avian body (Gatesy & Dial, 1996) .
Several additional bird-specific modifications of the pelvis and legs are associated with functional adaptations of this vertebrate class, such as unfused pubic bones that permit the passage of eggs that are large relative to body size, plates of an expanded pelvic ischium that protect a digestive system more elaborate that that of other reptiles, and unique specializations of the avian leg in which skeletal novelties derived from the fusion of ancestral bones, the tibiotarsus, syndesmosis tibiofibularis and tarsometatarsus, facilitate locomotory patterns of walking, running and swimming unlike those of other tetrapods. The anterior locomotor module of birds contains its own skeletal novelties in addition to the highly disparate forelimbs, which became vestigial in some dinosaurs and birds, and evolved into wings and paddles in other birds. These include the keel, an extension of the sternum that provides an anchor for the breast muscles, and the furcula (wishbone), formed by the fusion of the clavicles (Kaiser, 2007) .
Standard (i.e. Modern Synthesis-based) evolutionary scenarios would suggest that these skeletal innovations arose through successive cycles of natural selection in an ancestral saurian lineage, with anatomical architectures suitable for flying, swimming or bipedal locomotion emerging after millions of years. However, the plasticity of embryonic skeletogenesis provides an alternative basis by which they may have emerged in a concerted fashion, without the requirement for incremental adaptive advantage over successive generations. In particular, several lines of evidence indicate that the skeletal muscle-dependent mechanical activity of the embryo is required for the normal ontogeny of skeletal elements of vertebrates, particularly in birds (Nowlan et al. 2010; Newman, 2011; . Paralysed chick embryos, for example, fail to form the fibular crest, which was a morphological novelty in theropod dinosaurs and is a necessary component in the development of the avian-specific tibiofibularis (Müller & Streicher, 1989) .
In addition, those portions of the thoracic skeleton that most distinguish birds from other tetrapods are also those most dependent on muscular activity for their normal morphogenesis. The clavicles, for example, which are fused into the furcula in birds, were underdeveloped and unfused in chick embryos in which muscles were paralysed (Hall & Herring, 1990; Hall, 2001) . Given the responsiveness of the developing avian skeleton to mechanical forces, it is plausible that many bird-specific skeletal innovations reflect the presence of large skeletal muscles in this group, particularly in comparison with related taxa such as lizards or mammals.
Depending on whether a bird is flightless or volant, a runner or swimmer, it will have either hyperplastic thigh muscles, breast muscles, or both. Despite the broad morphological diversity of the birds, the presence of large depots of skeletal muscle in either or both the anterior and posterior body regions is a unifying motif across all the specialized avian orders. Was the evolution of these massive muscles a coordinated response to the same selective forces that led to the reshaping of the avian skeleton? If so, why did it occur independently, and to very different functional effects, in the anterior and posterior locomotor modules? Here, whole-organism physiology, in conjunction with phylogenomics, provides an alternative solution to this problem, in which skeletal muscles were under directional selective pressure, driven by the internal requirements of the organism, to increase in size. Under this scenario, the trend toward increasingly larger skeletal muscles in the early stages of bird evolution was the key to the distinctive innovations [some of them developmental side-effects (Müller, 1990) ] of the avian body plan.
The reasoning is as follows: among the most obvious of the physiological transformations accompanying the evolutionary emergence of mammals, birds and non-avian reptiles from their common ancestor was the diversification into homeothermic ('warm-blooded': mammals, birds) and poikilothermic ('cold-blooded': non-avian reptiles) classes. Mammals branched off first. Among several specializations contributing to their body heat generation was the recruitment of an ancient, nuclear gene-encoded mitochondrial protein, uncoupling protein-1 (UCP1), into cold-induced physiological pathways in mammal-specific thermogenic brown and beige adipose tissues (Wu et al. 2012) . UCP1 causes leakage of the inner mitochondrial membrane, generating heat by uncoupling oxidative phosphorylation. The gene UCP1 is absent in birds and non-avian reptiles, including turtles (Mezentseva et al. 2008; ; it was presumably deleted in a sauropsid ancestor.
Because the common ancestor of sauropsids and mammals probably had an intact thermogenic fat programme (Mezentseva et al. 2008; , it must have been endothermic, or at least heterothermic (Grigg et al. 2004) . The loss of UCP1 would have presented these animals with a crisis. Some descendents adopted a poikilothermic physiology, giving rise to modern non-avian reptiles. Birds, however, retained a capacity for endothermy and, ultimately, homeothermy. Avian skeletal muscles eventually evolved a number of biochemical and physiological specializations for heat generation . Initially, however, in the population of UCP1-lacking sauropsid ancestors which eventually produced the birds, possibly enlarged skeletal muscles and, more certainly, muscle hyperplasia (driven by selection for enhanced thermogenesis) over the course of subsequent evolution permitted these animals to thrive as endotherms in increasingly colder venues, albeit with unique muscle-laden anatomies.
The massive thigh and pectoral muscles would have forced the acquisition of bipedality in some groups and facilitated the capability for swimming and flight in others (Newman, 2011) . Concomitant with its aforementioned role in generating an array of opportunistically recruited skeletal novelties, hyperplastic skeletal musculature enabled birds to overcome the genetic deficit incurred by the loss of UCP1 in their ancestors to become the most species-rich and ecologically diverse class of land vertebrates.
Discussion
I have reviewed the involvement of dynamical, condition-dependent (i.e. physiological in the broad sense) mechanisms in the anatomical organization of the vertebrate body. My main goal was to examine the roles of these mechanisms and processes in the evolutionary origination and transformation of certain structural features of these body plans. However, as the morphological determinants of fossil forms are outside the realm of experimentation, and it is well-accepted that present-day vertebrates are descendents of organisms that bore the same or similar features hundreds of millions of years ago, it is inevitable that the origination question would be addressed from the perspective of the developmental biology of present-day organisms.
The developmental processes discussed pertain to multiple levels of structural organization in vertebrate bodies and draw on a variety of biophysical effects that up until recently have figured more prominently in the physiological than the anatomical sciences. Somitogenesis, a process common to all vertebrate organisms that is in fact responsible for their defining character, was seen to involve intracellular biochemical oscillations and their synchronization across multicellular domains. Such mechanisms are a perennial of physiology at a variety of functional and temporal scales (Weber, 2009; Arnal & Giraud, 2012) . Limb skeleton formation and patterning make use of the spatial propagation of excitatory activity, a feature common to the Turing-type reaction-diffusion mechanism described, and to a vast number of physiological activities, from the action potential (Hodgkin & Huxley, 1952) to myocardial waves (Steinberg et al. 2006) and respiration (Clavica et al. 2009 ). Finally, the physiology of temperature regulation and, more particularly, its compromise in the UCP1-lacking lineage of amniotes that ultimately gave rise to birds were seen to exert an indirect but decisive effect on the unique body plan of the avian vertebrate class.
Although the use of physiological concepts in an evo-devo consideration of body plan origination seems uncontroversial, the conclusions of such analyses can conflict with standard notions of how evolution of form has occurred. As physiological mechanisms are generally responsive to external conditions, extending them beyond their traditional roles in the homeostasis and facultative functioning of the postnatal organism to embryonic development raises the spectre of environmental plasticity and the inheritance of acquired characteristics (West-Eberhard, 2003) . Further, because they typically involve often non-linear dynamic processes, their incorporation into the genotype-phenotype 'map' for the generation of form must accommodate the possibility of the abrupt appearance of morphological novelties.
By the mechanisms described here, morphological novelties can potentially arise in the space of one or a few generations, particularly in forms that are not extensively canalized (e.g. evolutionarily ancient ones). This suggests that the paleontological scenario of 'punctuated equilibrium' (Eldredge & Gould, 1972) may appropriately be applied in the iconoclastic spirit in which it was originally proposed, as 'an alternative to phyletic gradualism' , rather than in the populational, Modern Synthesis version ultimately adopted by Stephen Jay Gould (2002) .
Lastly, the speculation that the loss of a uniquely important gene (a usually fatal occurrence in the neo-Darwinian narrative) could actually predispose a lineage to mobilize pre-existing physiological functions to eke out bare survival, and then undergo biochemical and morphological evolution driven by the need to compensate for a function deficit, invokes two taboos of the standard model: unidirectional evolution, the rationale for which is discussed above, and the survival of phenotypic outliers. Concerning the latter, once we acknowledge the existence of a set of heritable mechanisms for morphological change that operate independently of incremental adaptive advantage, the complementary Modern Synthesis notion of a prohibition against deviation can be strongly questioned. As has been long maintained by Richard Lewontin (1983) and eloquently asserted, with newer evidence, by Patrick Bateson (2014) : 'The environment does not simply set a problem to which the organism has to find a solution. The organism can do a great deal to create an environment to which it is best suited.'
In his famous monograph on the history of biological thought, Ernst Mayr (1982) asserted: 'Nothing strengthened the theory of natural selection as much as the refutation, one by one, of all the competing theories, such as saltationism, orthogenesis, [and] inheritance of J Physiol 592.11 acquired characters.' I have argued that newer evidence from experimental embryology, interpreted in the light of concepts from condensed matter physics and physiology unknown at the time of Darwin and his early 20th century successors, challenges this tenet and each of its components. This challenge does not outright abolish gradualist natural selection, but it does relegate it to a role in the fine-tuning and refining of heritable modifications that arise by other, often physiologically based, means.
